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Abstract 
Graft incompatibility is a significant problem for development of new Prunus 
rootstocks. Recently, several authors have reported that phenylpropanoid 
metabolism is related with this phenomenon. The aim of the present work was to 
analyze the gene expression patterns of the 4-Coumarate:CoA ligase genes in 
compatible and incompatible graft combinations two years after grafting. The 
relationship of Prunus 4CLs with other plants was also studied. To perform this 
study different graft combinations were evaluated: the peach cultivar ‘Chimarrita’ 
(P. persica L. Batsch.) grafted onto three different rootstocks ‘Capdeboscq’  
(P. persica L. Batsch.), ‘Tsukuba 1’ (P. persica L. Batsch.) and ‘Umezeiro’ (P. mume 
Sieb. et Zucc.). Transcript abundance was analyzed by real-time PCR using gene-
specific primers designed to amplify the three 4CL genes identified in the assembled 
peach genome. The results showed that the three 4CL transcripts are expressed in all 
combinations examined, although the quantitative levels of 4CL mRNA were higher 
in ‘Umezeiro’, the incompatible combination. The 4CL3 gene was the most highly 
expressed in the incompatible combination and the most divergent isoform in the 
phylogenetic analysis. 
 
INTRODUCTION 
Graft compatibility with at least most commercial cultivars is an essential trait in 
Prunus rootstock breeding programs for orchard performance and longevity. Recently, 
the phenylpropanoid pathway was identified as one of the important metabolic pathways 
responsible for physiological failure in graft-incompatible rootstock-scion combinations 
in apricot (Usenik et al., 2006; Pina and Errea, 2008). In plants, this pathway is 
constituted for three key enzymes: phenylalanine ammonia-lyase (PAL), cinnamate  
4-hydroxylase (C4H), and 4-coumarate:CoA ligase (4CL). The 4CL family is especially 
important in this pathway, as they catalyze the conversion of the hydroxylated cinnamic 
acids into their respected thioesters. These cinnamyl CoA esters are used for biosynthesis 
of several phenolic compounds required for various physiological functions and 
adaptation to environmental perturbations.  
The main goal of this work was to analyze the effect of compatible and 
incompatible graft combinations on gene expression pattern of genes encoding  
4-Coumarate:CoA ligase two years after grafting and to perform a phylogenetic study of 
Prunus 4CLs with other species. 
 
MATERIALS AND METHODS 
 
Plant Material 
The peach cultivar, ‘Chimarrita’ (Prunus persica L. Batsch.) was grafted on three 
rootstocks: ‘Capdeboscq’ (P. persica L. Batsch.), ‘Tsukuba 1’ (P. persica L. Batsch.) and 
‘Umezeiro’ (P. mume Sieb. et Zucc.). Bark samples were collected two years after 
grafting 5 cm below the graft union. All samples were immediately frozen in liquid 
nitrogen and stored at -80°C. 
 
Proc. of the 13th Eucarpia Symposium on Fruit Breeding and Genetics 
Eds.: K.M. Evans et al. 
Acta Hort. 976, ISHS 2013 
334 
RNA Extraction and cDNA Synthesis 
Total RNA was isolated from bark tissue using the CTAB protocol. Determination 
of quality and quantification of total RNA were determined by 1.0% agarose gel 
electrophoresis and nanodrop spectrophotometer analysis (Nanodrop 1000, Thermo 
Scientific). 1 µg of total RNA was reverse transcribed using an oligo (dT)20 with the 
SuperScript® III First-Strand Synthesis System (Invitrogen) kit according to the 
manufacturer’s instructions.  
 
Real-Time Polymerase Chain Reaction 
Gene expression was analyzed by real-time PCR (ABI Prism 7500 sequence 
detection system, Applied Biosystems, Madrid, Spain) using gene-specific primers 
designed to amplify three 4CL genes identified in the assembled peach genome on GDR 
(The International Peach Genome Initiative, IPGI). The specific primers designed were: 
4CL1 (Forward: 5’-TAAGAGCTGGAGCTGCCATT-3’; Reverse: CACGATGGGGG 
CAATACTAA), 4CL2 (Forward: 5’-AGAGTTGGGGCGGCGATTTT-3’; Reverse: 5’-
GCACAAAAGGCGCAATGGTC-3’) and 4CL3 (Forward: 5’-GTTCGTCGACAAGCTT 
CGAG-3’; Reverse: 5’-CGCCAAGTTTCGGGTAGTTA-3’). Conventional RT-PCR was 
performed for all primers before the real time experiments in order to test the primers and 
verify the size of the amplified products. PCR products were cloned with the pGEM 
vector (promega) and sequenced. The real-time reactions were performed with a total 
volume of 25 µl containing: 12.5 µl of the SYBR® Green PCR Master Mix (Applied 
Biosystems); 5 µl of diluted cDNA and 300 nM of each primer. All the runs were 
identical for all primer sets: 95°C for 10 min, followed by 40 cycles at 95°C for 30 s; 
60°C for 1 min, 72°C for 1 min; and a final extention of 72°C for 10 min. Afterwards, the 
specificity of the amplification products was determined using a melting curve in all 
cases. Three biological replicates were performed. Real-time PCR efficiency and 
correlation coefficients (R2) of genes were determined by LinRegPCR software (Ruijter et 
al., 2009). Actin stability was proven by Bestkeeper analysis. The expression levels for 
target genes were calculated relative to the ungrafted treatment and normalized with actin 
using the Comparative Ct Method at a constant level of fluorescence.  
 
Sequence Data Analysis 
Three 4CL genes were identified taking advantage of the assembled and annotated 
peach genome (draft peach genome v1.0, International Peach Genome Initiative, IPGI). 
Nucleotide and deduced protein sequences were analyzed using Expasy software 
(http://www.expasy.org/). The set of peach 4CLs genes were used in blast homology 
searches to identify potential 4CL genes in other plants at the NCBI website. The deduced 
aminoacid sequences were aligned and the phylogenetic tree was constructed by the 
ClustalW method using the neighbor joining method of the MEGA 4.1 software (Tamura 
et al., 2007).  
 
RESULTS AND DISCUSSION 
Elevated production of phenylpropanoid metabolites is a well documented fact in 
graft-incompatible combinations (Feucht and Treutter, 1991; Usenik et al., 2006; Pina and 
Errea, 2008). However, little information is available on the molecular genetic 
organization of phenylpropanoid genes in Prunus. Taking advantage of the draft peach 
genome, we have identified the putative 4CL-encoding genes, consisting of three 
members: Pp4CL1, Pp4CL2 and Pp4CL3. The identified peach 4CL family share high 
sequence similarity with known 4CLs. The coding regions of Pp4CL1 showed 72 and 
65% nucleotide sequence identity to Pp4CL2 and Pp4CL3, respectively. The predicted 
amino acid sequences of Pp4CL1 and Pp4CL2 were more similar to each other (71% 
amino acid sequence identity) than to the predicted Pp4CL3 sequence (65% amino acid 
sequence identity, respectively). In general, the amino acid sequence identity with other 
species 4CLs ranged from a low value of 65 % amino acid identity between Pp4CL1 and 
Arabidopsis 4CL1, to high value of 82% between Pp4CL1 and Rubus 4CL1 (83% amino 
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acid sequence identity). Besides, the calculated molecular mass for the three peach 4CLs 
(59-65 kD) were within the range (55-75 kD) observed for native 4CLs from other plants. 
The peach 4CLs also contained the two sequence elements that are highly conserved 
among 4CL proteins and are required for catalytic function: motif I towards the N 
terminus (SSGTTGLPKGV) and motif II towards the C terminus (GEICIRG) (Becker-
André et al., 1991; Kumar and Ellis, 2003). Identical motifs between the three isoforms 
were identified suggesting the same substrate specificity (Fig. 1). Based on phylogenetic 
analysis (data not shown), 4CLs 1 and 2 were grouped together and separated from 4CL3, 
which is in accordance with the homology analysis. Several authors have distinguished 
4CLs from different plants in two classes, Class I and Class II, according to physiologic 
functions, substrate specificity and gene structure (Ehlting et al., 1999; Kumar and Ellis, 
2003; Endler et al., 2008). In this work, the 4CLs showed the same tendency as other 
species, Rubus ideaus, Arabdopsis thaliana and Ruta graveolens, with 4CL1 and 4CL2 
grouped in class I, while 4CL3 belong to class II. 
Additionally, we have evaluated the effect of graft incompatibility on 4CL 
transcripts. Real time-PCR assays distinguished between the three 4CL transcripts, 
showing that all three genes are expressed in the rootstock in each combination examined. 
Futhermore, the expression of these three genes in the rootstock was strongly influenced 
by graft combinations with different degrees of compatibility. The three isoforms were 
significantly higher expressed on ‘Umezeiro’ (incompatible rootstock), while 
‘Capdeboscq’ and ‘Tsukuba 1’ (compatible rootstocks) showed less expression, revealing 
increasing transcription levels in the incompatible rootstock (Table 1). The rank in order 
of transcript abundance was Pp4CL3>Pp4CL2>Pp4CL1 in the rootstock from the 
incompatible graft combination ‘Chimarrita’ grafted on ‘Umezeiro’. Likewise, we 
analyzed tissue specific expression of the three 4CLs in bark and callus tissue. Pp4CL3 
was the dominant 4CL form expressed in callus tissue, while transcript abundance of 
Pp4CL1 and 2 was higher in bark tissue compared to callus (Fig. 2). It has been reported 
that 4CLs of class I are involved in the lignification process and linked to growth and 
development, while 4CLs of class II has been related to flavonoids and stress responses 
(Cukovic et al., 2001; Kumar and Ellis, 2003). Whether the phenol accumulation is the 
cause or the consequence of the incompatibility reaction is not yet known. Further 
research is needed to elucidate control expression of the phenylpropanoid genes during 
the graft union development processes and through the graft incompatibility reactions that 
potentially affect the fate of the graft. 
 
CONCLUSION 
In the present work, we have identified a small gene family of 4CLs consisting of 
three members, relatively divergent, sharing about 82-65% amino acid sequence identity. 
We have found a differential pattern of transcription of 4CL genes in different graft 
combinations, compatible and incompatible as well as in different organs: callus and bark 
tissue. Therefore, the results suggest that 4CL expression is regulated under the stock-
scion interactions between graft partners of different degrees of compatibility.  
 
ACKNOWLEDGEMENTS  
This research was supported by the grant nº RTA2009-00128 from the Instituto 
Nacional de Investigación y Tecnología Agraria y Alimentaria (INIA), CAPES 
(Coordenaçao de Aperfeiçoamento de Pessoal de Nível Superior) and CNPq (Conselho 
Nacional de Desenvolvimento Científico e Tecnológico). 
 
Literature Cited 
Cukovic, D., Ehlting, J., VanZiffle, J.A. and Douglas, C.J. 2001. Structure and evolution 
of 4-coumarate:coenzyme A ligase (4CL) gene families. Biol. Chem. 382:645-654. 
Becker-André, M., Schulze-Lefert, P. and Hahlbrock, K. 1991. Structural comparison, 
modes of expression, and putative cis-acting elements of the two 4-coumarate:CoA 
ligase genes in potato. J. Biol. Chem. 266:8551-8559. 
336 
Ehlting, J., Büttner, D., Wang, Q., Douglas, C.J., Somssich, I.E. and Kombrink, E. 1999. 
Three 4-coumarate:coenzyme A ligases in Arabidopsis thaliana represent two 
evolutionary divergent classes in angiosperms. Plant J. 19:9-20. 
Endler, A., Martens, S., Wellmann, F. and Matern, U. 2008. Unusually divergent 4-
coumarate:CoA-ligases from Ruta graveolens L. Plant Mol. Biol. 67:335-346. 
Feucht, W. and Treutter, D. 1991. Phenol gradients in opposing cells of Prunus 
heterografts. Adv. Hort. Sci. 5:107-111. 
Kumar, A. and Ellis, B.E. 2003. 4-Coumarate:CoA ligase gene family in Rubus idaeus: 
cDNA structures, evolution, and expression. Plant Mol. Biol. 31:327-340. 
Pina, A. and Errea, P. 2008. Differential induction of phenylalanine ammonia-lyase gene 
expression in response to in vitro callus unions of Prunus spp. J. Plant Physiol. 
165:705-714. 
Ruijter, J.M., Ramakers, C., Hoogaars, W.M., Karlen, Y., Bakker, O., van den Hoff, M.J. 
and Moorman, A.F. 2009. Amplification efficiency: linking baseline and bias in the 
analysis of quantitative PCR data. Nucleic Acids Res. 37:6-45.  
Usenik, V., Krska, B., Vican, M. and Stampar, F. 2006.. Early detection of graft 
incompatibility in apricot (Prunus armeniaca L.) using phenol analyses. Sci. Hort. 
109:332-338. 
Tamura, K., Dudley, J., Nei, M. and Kumar, S. 2007. MEGA4: Molecular Evolutionary 
Genetics Analysis (MEGA) software version 4.0. Mol. Biol. Evol. 24:1596-1599. 
 
 
 
 
Tables 
 
 
 
 
Table 1. Fold change expression of 4CL transcripts in different graft combinations two 
years after grafting, calculated by the ΔΔCT method.   
Rootstocks 
Fold difference in 
4CL1 relative to 
ungrafted  
Fold difference in 
4CL2 relative to 
ungrafted  
Fold difference in 
4CL3 relative to 
ungrafted  
Capdeboscq 0.38±0.05 0.51±0.03 0.29±0.05 
Tsukuba 1 0.39±0.09 0.53±0.04 0.44±0.13 
Umezeiro 1.57±0.18 1.60±0.18 1.92±0.34 
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Figures 
 
 
4CL1 LLQADENDMPEVDIDPNDVVALPYSSGTTGLPKGVMLTHKGLVTSVAQQVDGENPNLYYS 233 
4CL2 LTTADENEIPAVKINPDDVVALPYSSGTTGLPKGVLLTHKVLVTSVAQQVDGENPNLYFH 226 
4CL3 ISEANETELPEVVIDPEDPVALPFSSGTTGLPKGVILTHKSLITSVAQQVDGENPNLYLK 122 
     :  *:*.::* * *:*:* ****:***********:**** *:***************   
 
4CL1 SDDVVLCVLPLFHIYSLNSVLLCGLRAGAAILMMNKFEIVSLLGLIEKHKVSIAPIVPPI 293 
4CL2 EEDVILCVLPLFHIYSLNSVFLCGLRVGAAILIMQKFEIGKLLELVERCKVTIAPFVPPI 286 
4CL3 EDDVVLCVLPLFHIYSLNSVMLCSLRAGAAVLVMHKFEIGTLLELIQRYRVSVAAVVPPL 182 
     .:**:***************:**.**.***:*:*:**** .** *::: :*::*..***: 
 
4CL1 VLAIAKFPDLDKYDLSSIRVLKCGGAPLGKELEDTVRAKFPNVTLGQGYGMTEAGPVLTM 353 
4CL2 VLAIAKSPDLHRYDLSSIRMVMSGAAPMGKELEDAVRTKLPNAKLGQGYGMTEAGPVLSM 346 
4CL3 VIALAKNPMVAQFDLSSIRVVLSGAAPLGKELEEALKSRVPRAVLGQGYGMTEAGPVLSM 242 
     *:*:** * : ::******:: .*.**:*****::::::.*.. **************:* 
 
4CL1 SLAFAKQPFGVKPGGCGTVVRNAQIKIVDPETGASLPRNQPGEICIRGDQIMKGYLNDPE 413 
4CL2 CLAFAKEPFEIKSGACGTVVRNAEMKIVDPDTGASLPRNQSGEICIRGSQIMKGYLNDPE 406 
4CL3 CLAFAKEPLPSKSGSCGTVVRNAELKVIDAETGCSLGYNQPGEICIRGSQIMKGYLNDAE 302 
     .*****:*:  *.*.********::*::*.:**.**  **.*******.*********.* 
 
4CL1 STRATIDKEGWLHTGDIGFIDDDEELFIVDRLKELIKYKGFQVAPAELEALLVTHPSVSD 473 
4CL2 ATERTIDKERWLHTGDIGYIDDDDELFIVDRLKELIKYKGFQVAPAELEAMLIAHPNISD 466 
4CL3 ATATTVDKEGWLHTGDVGFVDDDEEVFIVDRVKELIKFKGFQVPPAELESLLVNHPSIAD 362 
     :*  *:*** ******:*::***:*:*****:*****:*****.*****::*: **.::* 
 
4CL1 AAVVPMKDEAAGEVPVAFVVRSKNAQITEDEIKQFISKQVVFYKRLNRVFFIEAIPKSPS 533 
4CL2 AAVVPMKDEAAGEIPVAFVVRSNGSKISEEDIKQYISKQVVFYKRIGRVFFTDKIPIAPS 526 
4CL3 AAVVPQKDEAAGEVPVAFVVRSNGLQLTEEAVKEFIAKQVVFYKRLHKVYFIHAIPKSPT 422 
     ***** *******:********:. :::*: :*::*:********: :*:* . ** :*: 
 
4CL1 GKILRKDLRAKLATGFPN- 551 
4CL2 GKILRKDLRARLAAGLPN- 544 
4CL3 GKILRKDLRAKLATPTPLA 441 
     **********:**:  *   
 
Fig. 1. Sequence alignment of peach 4CL proteins showing highly conserved motifs 
between 4CLs.  
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Fig. 2. Tissue specific gene expression of 4CL1, 4CL2 and 4CL3 in callus and bark 
tissue. 
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